Recent evidence has linked n-3 polyunsaturated fatty acid (PUFA) supplementation with dramatic alterations of mitochondrial phospholipid membranes and favorable changes in mitochondrial function. In the present review, we examine the novel effects of n-3 PUFA on mitochondria, with an emphasis on cardiac mitochondrial phospholipids.
INTRODUCTION
Fatty acids are important regulators of mitochondrial structure and function through their role as oxidative substrates and inhibitors of carbohydrate oxidation, ligands for nuclear receptors that regulate the expression of mitochondrial proteins, and structural components in mitochondria membrane phospholipids. The role of fatty acids as a mitochondrial substrate for ATP production and as an inhibitor of pyruvate dehydrogenase has been investigated since the 1960s, and it is now well described [1] . Fatty acid regulation of gene expression via activation of various nuclear receptors was extensively studied over the past 30 years, and it is now well established that stimulation of peroxisome proliferator-activated receptors up-regulates the expression of genes involved in mitochondrial fatty acid metabolism [2, 3] . It has become clear that dietary fatty acids affect the composition of mitochondrial phospholipids, which in turn impacts mitochondrial function. Supplementation with n-3 polyunsaturated fatty acid (PUFA) can increase cardiolipin, a tetra-acyl phospholipid that is unique to mitochondrial and essential for optimal mitochondrial function. Mitochondrial dysfunction plays a causal role in many debilitating medical conditions, such as heart failure, neurodegenerative disorders, and diabetes. Thus there is currently great interest in understanding how dietary long chain fatty acids can be used to prevent or reverse mitochondrial dysfunction in human disease. In this brief review we will provide
RECENT ADVANCES IN THE UNIQUE ASPECTS OF MITOCHONDRIAL PHOSPHOLIPIDS
Similar to other cell membranes, the primary phospholipids in mitochondrial membranes are phosphatidylethanolamine and phosphatidylcholine. However, unlike other membranes in mammalian cells, mitochondrial membranes contain high levels of cardiolipin, a tetra-acyl phospholipid. Cardiolipin comprises 10-20% of the mass of total mitochondrial phospholipid. Depletion of cardiolipin results in severe mitochondrial dysfunction, as evidenced in Barth syndrome patients, a rare X-linked mutation resulting in the absence of tafazzin, an enzyme that is essential for formation of functional cardiolipin. These patients present with skeletal muscle weakness and cardiomyopathy, consistent with defective mitochondrial ATP formation [4] . Linoleic acid is the main fatty acyl moiety in cardiolipin, with 60-80% of cardiolipin being tetralinoleoyl cardiolipin (L 4 CL) in cardiac mitochondria in humans, dogs and rats [5 & ,6,7] . A major new tool in the study of the pathophysiology of Barth syndrome recently became available with the creation of a tafazzin knockdown mouse using RNA interference [8 && ]. These mice recapitulated key aspects of human Barth syndrome in terms of depletion of L 4 CL and long chain tetra-acyl cardiolipin from skeletal and cardiac muscle mitochondria, accumulation of immature monolysocardiolipin, mitochondrial proliferation and myofibrillar disarray, and functional myopathy [8 && ]. Future studies utilizing this mouse model will further our understanding of the mechanisms underlying Barth syndrome and cardiolipin remodeling.
It has been proposed that high levels of L 4 CL are essential for optimal mitochondrial function in the heart [6] , though recent evidence runs counter to this concept. Minkler and Hoppel [5 & ] showed that cardiolipin acyl chains vary greatly by species, showing that there are very different fatty acyl compositions between rat liver, mouse heart and dog heart mitochondria. They used a novel highperformance liquid chromatography-mass spectrometry method to separate and characterize cardiolipin molecular species, and showed that cardiolipin in cardiac mitochondria from dogs was 77% tetralinoleoyl cardiolipin (L 4 CL), which is similar to previously published data from humans and rats [7, 9] . The other molecular species in the dog heart comprised 18 : 1, 18 : 0 and 16 : 0. Surprisingly, they found that in the mouse heart L 4 CL comprises only 22% of the total cardiolipin [5 & ], and that there was high abundance of various species containing docosahexaenoic acid (DHA; 22 : 6n6) (53% of total cardiolipin) [5 & ,7] ( Fig. 1 ). These findings are significant because changes in cardiolipin acyl composition may influence the activity of essential inner membrane proteins, as high levels of DHA will increase the fluidity of membrane and alter protein-lipid interaction [6] . Cardiolipin is necessary for formation of contact sites between inner and outer mitochondrial membranes, stabilization of essential inner membrane proteins and respiratory complexes, and in mitochondrial apoptotic signaling pathways [6] . A decrease in the total cardiolipin in cardiac mitochondria and less L 4 CL has been observed in acquired cardiac pathologies such as hypertensioninduced hypertrophy and heart failure in rodents [6] . On the contrary, a decrease in whole tissue content of L 4 CL was not observed in cardiac biopsies from heart failure patients [7] , though it was observed in explanted hearts from heart failure patients compared to nonfailing organ donors [10] . In recent studies it was shown that dogs with established heart failure secondary to irreversible myocardial ischemic damage had severe mitochondrial respiratory dysfunction but normal mitochondrial total cardiolipin content and L 4 CL levels [11 & ,12] . Taken together, it now appears that the well documented impairment in mitochondrial respiratory function in heart failure is not due to depletion of total cardiolipin or L 4 CL in humans or dogs.
KEY POINTS
Mitochondrial phospholipid composition differs greatly across species and tissue type and can be modified by dietary intake of fatty acids.
In particular, n-3 PUFA supplementation can modulate mitochondrial phospholipid composition as evidenced through alterations of cardiolipin fatty acid side chains with intake of DHA.
Mitochondrial phospholipid remodeling with n-3 PUFAs is further associated with mitochondrial function and delayed Ca 2þ -induced mitochondrial permeability transition pore (MPTP) opening.
Dietary PUFAs may provide cardioprotective effects with various disease states through remodeling of mitochondrial membranes and improving mitochondrial function.
IMPACT OF DIETARY POLYUNSATURATED FATTY ACIDS ON MITOCHONDRIAL PHOSPHOLIPIDS AND FUNCTION
There is growing evidence that dietary n-3 PUFA, particularly DHA, have profound effects on mitochondrial membrane phospholipids and mitochondrial function. Initial studies showed that high intake of fish oil rich in DHA and eicosapentaenoic acid (EPA; 20 : 5n-3) prevented the age-related decrease in the sum of n-3 PUFA and increase in n-6 PUFA in cardiac mitochondrial membranes, restored the cardiolipin content, and prevented age-associated increases in phosphatidylcholine [13] . We recently observed that supplementation of rats with DHA þ EPA increased L 4 CL and cardiolipin containing one DHA side chain and three linoleic acid (18 : 2) side chains in isolated cardiac mitochondria [14] . Thus dietary long-chain n-3 PUFA impacts mitochondrial phospholipid composition.
The cardioprotective effects of n-3 PUFAs have long been recognized [15] . Both epidemiological and clinical evidence indicate that high consumption of fish or fish oil supplementation lowers the incidence of cardiac death and possibly other cardiovascular events [15] . The precise mechanisms underlying the cardioprotective effect of n-3 PUFAs are not well established, but recent evidence suggests that it may be partially due to changes in membrane phospholipids and resultant improvement in the function of cardiac mitochondria.
We previously found that supplementation with DHA þ EPA from fish oil attenuated the development of heart failure in rats subjected to chronic aortic hypertension [16] [17] [18] . Rats were subjected to abdominal aortic banding and assigned to 12 weeks of treatment with either a standard chow or a chow supplemented with a mixture of DHA þ EPA (70 : 30 ratio) from fish oil at either 0.7, 2.3 or 7% of the total energy intake [17] . We found that supplementation with fish oil resulted in a dosedependent decrease in cardiomyocyte apoptosis, measured by TdT-mediated dUTP Nick-End Labeling (TUNNEL) staining. Rats fed the highest dose of fish oil had levels of apoptosis below control sham levels. These data were the first to directly demonstrate that supplementation with DHA þ EPA prevented apoptosis and to hint at mitochondrial involvement as a mechanism for the beneficial effects of n-3 PUFA.
Dietary supplementation with fish oil improves cardiac contractile recovery with experimental myocardial ischemia followed by reperfusion [19] . This beneficial effect was associated with a reduction in the rate of oxygen consumption by the myocardium at a given work output, which reflects an enhancement in cardiac mechanical efficiency [19] . A similar general phenomenon was observed in exercising health humans, in whom fish oil supplementation reduced whole body oxygen consumption during cycling exercise at a fixed workload [20] . Lower oxygen consumption by mitochondria isolated from n-3 PUFA-supplemented hearts, most notably during uncoupled respiration, suggests that alterations in membrane phospholipid n-3 PUFA content mitochondrial membranes may increase thermodynamic efficiency [13] . Furthermore, phosphorylating respiration, or state 3 respiration, may also be influenced by increased n-3 PUFAs [21] , although others could not replicate this finding [14,22 && ,23 & ]. In contrast, cardiac mitochondria from rats fed sardine oil, rich in n-3 PUFA but low in linoleic acid, had decreased mitochondrial respiration; however, this was accompanied by a decrease in linoleic acid in total phospholipids and specifically in cardiolipin [24] . This suggests that the decrease in respiration was due to deficient electron transport chain activity and decreased L 4 CL. Our group, as well as others, have consistently shown that diets with similar linoleic acid contents, but supplemented in DHA, EPA, or DHA þ EPA do not deplete L 4 CL [14, 22 && ], and supplementation with DHA alone can increase it [22 && ]. We have recently investigated the independent effects of DHA and EPA on cardiac mitochondria. Clinical studies have established that the triglyceridelowering effects of DHA and EPA are equivalent [25] ; however, studies show that DHA is readily shortened to form EPA, but EPA is not readily elongated to DHA [26] , particularly in the heart [27] . We compared supplementation with DHA to EPA and found that DHA supplementation caused a greater increase in total n-3 PUFA (DHA þ EPA) in cardiac mitochondrial phospholipids than did EPA [22 & ]. Ca 2þ , oxidative stress and numerous reactive chemicals induce MPTP opening. The precise structure and regulation of the MPTP is not well understood [28 ,29 & ]. As a consequence of MPTP opening, the mitochondria depolarize, uncouple, and swell. The loss of ATP production and release of cytochrome C can result in cell death via either apoptosis or necrosis, thus MPTP opening is generally considered to be a catastrophic event. We recently found that dietary supplementation with a mixture of DHA þ EPA (70 : 30 ratio) increased DHA and EPA in cardiac mitochondrial phospholipids and the tolerance of isolated mitochondrial to Ca 2þ -induced MPTP opening [14] . A recent study confirmed this observation in mice, and showed a decrease in hydrogen peroxide production in cardiac mitochondria with n-3 PUFA supplementation [30] .
We subsequently showed that supplementation with only DHA delayed Ca 2þ -induced MPTP opening ( Fig. 2) ]. This effect was associated with an increase in DHA and total n-3 PUFA in cardiac mitochondrial phospholipids, a reduction in the amount of arachidonic acid (ARA) and an increase in L 4 CL. EPA supplementation, on the contrary, had no effect of MPTP opening in response to Ca 2þ , despite increasing membrane EPA and moderately reducing ARA. The shorter n-3 PUFA, alpha-linoleic acid (ALA), also had no effect on MPTP opening (Fig. 2) . At physiological doses, ALA had little effect on membrane composition, further supporting the hypothesis that the beneficial effects are linked to modulation of mitochondrial phospholipids.
CONCLUSION
In conclusion, it is evident that dietary n-3 PUFAs have profound effects on mitochondrial phospholipid composition and mitochondrial resistance to stress. In particular, cardioprotection observed in pathological states such as heart failure may be due in part to mitochondrial phospholipid remodeling and improved mitochondrial function. In addition, supplementation with a specific n-3 PUFA, DHA, induced greater effects on mitochondrial membrane phospholipid composition and function as compared to other n-3 PUFAs such as EPA. These studies emphasize the importance of delineating the specific roles of dietary fatty acids on mitochondrial membranes to prevent or reverse mitochondrial dysfunction with various human pathologies.
